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Cell migration requires the fine spatiotemporal integration of many proteins that regulate the fundamental 
processes that drive cell movement. Focal adhesion (FA) dynamics is a continuous process involving 
coordination between FA and actin cytoskeleton, which is essential for cell migration. We studied the 
spatiotemporal relationship between the dynamics of focal adhesion kinase (FAK) and paxillin at FAs in the 
protrusion of living endothelial cells. Concurrent dual-color imaging showed that FAK was assembled at FA 
first, which was followed by paxillin recruitment to the FA. By tracking and quantifying FAK and paxillin in 
migrating cells, the normalized FAK/Paxillin fluorescence intensity (FI) ratio is > 1 (~4 fold) at cell front, 
~ 1 at cell center, and < 1 at cell rear. The significantly higher FAK FI than paxillin FI at cell front indicates 
that the assembly of FAK-FAs occurs ahead of paxillin at cell front. To determine the time difference 
between the assemblies of FAK and paxillin at nascent FAs, FAs containing both FAK and paxillin were 
quantified by image analysis and time correlation. The results show that FAK assembles at the nascent FAs 
earlier than paxillin in the protrusions at cell front. 



Cell migration controls morphogenesis and inflammation and is a cornerstone of development and home- 
ostasis, as well as many disease states. Cell migration requires the fine spatiotemporal integration of many 
proteins that regulate the processes that drive cell movement 1 . FA dynamics (assembly and disassembly) is 
a continuous process involving coordination between FA and actin cytoskeleton, which is required for cell 
migration 2 . The regulation of attachment between F-actin and integrins via proteins within FAs is thought to 
be critical for controlling the spatiotemporal variability of cell protrusion and retraction 3,4 . 

Numerous studies have established FAK as a central mediator of integrin signaling as well as an important 
component of signaling by other cell surface receptors in many cell types that contribute to pathogenesis of cancer 
and other diseases 5 . As an intracellular protein-tyrosine kinase (PTK) recruited to and activated at FA sites, FAK 
is a key signaling PTK that acts downstream of various growth factors and extracellular matrix (ECM) compo- 
nents. Activated FAK recruits c-Src at FA sites to form a FAK-Src signaling complex. This complex phosphor- 
ylates other FA signaling and adapter proteins such as paxillin, thereby activating diverse signaling pathways in 
the regulation of cell migration 6,7 . 

FAK serves as a unique regulator of FA assembly and disassembly, processes that are fundamental for efficient 
directional cell movement 8,9 . FAK is a leading edge organizer. Nascent FAs are formed at cell periphery by integrin 
and ECM interactions. Paxillin is another important cytoskeletal and scaffolding protein recruited early to 
nascent FAs at cell front and is necessary for FA turnover (adhesion disassembly at cell front) during cell 
migration 10 . The precise mechanism that controls adhesion disassembly is currently unclear, but potentially 
involves the interactions of paxillin with FAK-Src complex to regulate myosin-light-chain-kinase-dependent 
contractility 11 " 14 . 

FAK is also involved in cytoskeletal remodeling and assembly/disassembly of cell adhesion, and it is an 
important promoter of directional cell movement 15 " 17 . We previously investigated separately the dynamics of 
FAK 18 and paxillin 19 associated with actin filaments 20 in endothelial cells (ECs). The present study focused on 
investigating concurrently the dynamics of FAK and paxillin at the nascent FAs in migrating cells. The dynamics 
of FAK (GFP-FAK) and paxillin (mCherry-paxillin) were monitored simultaneously in the same live ECs by 
using time-lapse double-color imaging. Dual-color image series showed that FAK was assembled at FA first and 
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that this was followed by paxillin recruitment at the FA. By tracking 
and quantifying FAK and paxillin, the results indicate that FAK 
assembly occurs ahead of that of paxillin at individual FAs in protru- 
sions of migrating cells. 

Results 

Monitoring and quantifying dynamics of GFP-FAK and mCherry- 
paxillin at cell front, center and rear in migrating cells. In cell 
migration, the two key steps are FA formation (assembly) and 
disassembly. To investigate FA dynamics during cell migration, we 
obtained the double- color images of ECs expressing GFP-FAK and 
mCherry-paxillin by time-lapse confocal microscopy. The movies 
show the dynamics (assembly and disassembly) of FAK- containing 
adhesions (FAK-FAs) and paxillin-containing adhesions (paxillin- 
FAs) in migrating ECs. FA disassembly is observed both at the cell 
rear, where it promotes rear retraction, and at the cell front, where it 
accompanies the FA formation in new protrusions to result in FA 
turnover. At the rear of migrating cells, the release of adhesions 
results in retraction of the cell tail and a net forward translocation 
of the cell body (Supplementary Movies SI -3). 

Fig. 1 A shows the image of a cell with FAK- and paxillin -FAs. The 
boxed areas B (cell front), C (cell center) and D (cell rear) are mag- 
nified in Figs. IB, 1C, and ID, respectively; each of these magnified 
photo panels show the images for FAK, paxillin and their FI ratio at 0, 
30, and 60 min. The results indicate that the dynamics of FAK-FAs 
and paxillin -FAs are different at the front (Fig. IB; Supplementary 
Movie S4-6), center (Fig. 1C; Supplementary Movie S7), and rear of 
the cell (Fig. ID; Supplementary Movie S8). Fig. IE shows the FAK/ 
paxillin FI ratio (pseudocolored) in this cell (same cell as 1A) at 0 
(left) and 60 min (right) with regions of interest (ROIs) identified 
and tracked along the cell movement. The FIs of both FAK and 
paxillin were quantified at the three ROIs (i.e., cell front, center, 
and rear) of eleven migrating cells. The 60-min time course of the 
FAK/paxillin FI ratio in the three ROIs is expressed in two ways: In 
Fig. 1F1, the ROIs being tracked and measured are moved with the 
cell, whereas in Fig. 1F2 the ROIs are fixed at their 0-time positions in 
the field of view without moving with the cells. All results are normal- 
ized to the 0-min value at cell center for each cell. When the ROIs are 
moved with the cell (Fig. 1F1), the ratio values in all three regions do 
not vary significantly with time; the ratio is > 1 at cell front (mean ± 
s.e.m.; 3.79 ± 0.15), ^1 at cell center (0.88 ± 0.04), and < 1 at cell 
rear (0.56 ± 0.02). When the ROI is fixed at 0-time position 
(Fig. 1F2), however, the FI ratio at the initial cell front decreases as 
cell moves forward, but there are little changes in the ROIs fixed at 
initial cell center and rear. These data show that the intensity of FAK- 
FAs is much higher than paxillin- FAs at the protrusive region of cell 
front. At cell center and rear, there are significantly less differences 
between FAK and paxillin at FAs in migrating cells. Such analysis was 
performed on eleven cells (Fig. IF), and the results confirmed our 
visual observations that the FAK/paxillin FI ratio was highest at cell 
front, intermediate at cell center, and lowest at cell rear. 

Quantifying time difference in assembly between FAK and paxil- 
lin at nascent FAs in the protruding regions of cell front. In the 

migrating cells co-transfected with GFP-FAK and mCherry-paxillin, 
we observed that there are more FAK-FAs than paxillin-FAs at the 
cell front (Fig. 2A, 2B; Supplementary Movie S10-13). The movies 
and images show that FAK was assembled first at the nascent FAs at 
cell front, followed by paxillin assembly in the same FAs. This 
phenomenon is demonstrated by the pseudo-color (FAK/paxillin 
FI ratio value) image series (Fig. 2A-right, 2C; Supplementary 
Movies S14-15). 

To determine the time difference between the assemblies of FAK 
and paxillin at nascent FAs at cell front, the image series of thirteen 
migrating cells were measured and analyzed (Fig. 3A), including the 
cell reported in Figs. 1 and 2. The FAK and paxillin images were 



captured simultaneously at each time point for the quantification of 
time differences between FAK and paxillin dynamics at nascent 
(assembling) FAs in cell front. A pair of image frames in which 
FAK and paxillin attained their maximum values at each FA (labeled 
with numbers in Fig. 3B) were selected and identified as the final 
frames (Fig. 3B), and the FAK and paxillin intensities at the FA were 
tracked backward from the final frames. The pair of frames that 
attained the minimum values of FAK and paxillin were selected as 
their respective initial frames. Fig. 3C shows the time courses of the FI 
values of FAK and paxillin for four of these FAs (No. 4, 6, 15, and 20 
in Fig. 3B). Time correlation analysis for these four and all the other 
FAs marked in 3B was used to deduce the time shift between FAK 
(green) and paxillin (red) at each of the 22 FAs marked, as well as the 
mean curve for all 22 FAs in that same cell (Fig. 3D). Fig. 4 shows the 
combined results of such analysis on all thirteen cells, with a total of 
206 FAs. The results indicate that FAK is assembled ahead of paxillin 
in the nascent FAs at the cell front, leading by 2.62 ± 0.27 min (mean 
± s.e.m.). 

The localization and distribution of FAK, paxillin, and actin 
filaments at the leading edge of cell front. To investigate the 
dynamics of FAK and actin filaments in migrating cells, we co- 
transfected ECs with GFP-FAK and RFP-actin (Fig. 5). The 
intracellular dynamics of GFP-FAK (green) and RFP-actin (red) 
expressed in live cells were obtained with time-lapse video 
recording. FAK clusters are observed to associate with actin 
filaments (Fig. 5; Supplementary Movie SI 6). The boxed region in 
Fig. 5A-left is enlarged in Fig. 5A-right. A 60-min image series reveals 
the dynamics of FAK and actin filaments at the cell leading edge 
(Fig. 5B; Supplementary Movie SI 6). The colocalization of some 
FAK clusters with actin indicates that the dynamics of FAK- 
clusters can be associated with actin filaments at the cell leading edge. 

To validate the results obtained on live cells using exogenous 
fusion proteins of FAK and actin filaments, we applied laser scanning 
confocal microscopy to visualize the endogenous FAK and actin 
filaments localization in fixed cells. Fig. 6A shows the fluorescence 
images of FAK and actin filaments, as well as their merged images. 
These pictures show the presence of FAK immunostaining as plaques 
in the fixed cell at cell periphery (arrows). Actin filaments show 
strong staining with the formation of extensive arrays of stress fibers 
(SFs), with weak staining at cell periphery. In the merged pictures, 
FAK spots are positioned at the ends of the stress fibers, and some 
FAK spots are positioned at the cell periphery with actin filaments 
(arrows). At the cell periphery, actn filament staining is very weak 
(up arrow). These immunostaining results are consistent with the 
live cell images (Fig. 5; Supplementary Movies SI 6), showing GFP- 
FAK may be associated with actin filaments at the cell leading edge. 

To validate the results obtained on live cells using exogenous 
fusion proteins of FAK and paxillin, we applied laser scanning con- 
focal microscopy to visualize endogenous FAK and paxillin on fixed 
cells stained with the anti-FAK and anti-paxillin antibodies. Fig. 6B 
shows the fluorescence images of FAK and paxillin, as well as their 
merged image at the cell periphery. At the cell periphery there are 
many FAK spots, and only a few visible paxillin spots (arrows). 
Hence, these immunostaining results are consistent with the live cell 
images (Figs. IB, 2B; Supplementary Movies Sl-3, SI 1-13), which 
show that there are more GFP-FAK clusters than mCherry-paxillin 
at the cell leading edge. 

Discussion 

Directional cell migration requires continuous formation, matura- 
tion, and turnover of FAs at the leading edge. Nascent FAs that are 
assembled at cell front undergo either rapid turnover or maturation 
in response to contractile forces 21 . Mature FAs facilitate cell contract- 
ility to pull the cell forward and are subsequently disassembled 22 . In 
our study, the dynamics of FAK and paxillin at FAs was monitored in 
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Figure 1 | Dynamics of FAK and paxillin in a live EC transfected with GFP-FAK (green) and mCherry-paxillin (red). (A) FAK and paxillin in the cell. 
The three boxed regions are cell front (B), center (C) and rear (D), with enlarged views shown in panels (B), (C) and (D), respectively. B-D show the 
results for FAK, paxillin, and FAK + Paxillin at 0, 30 and 60 min. In these ratio photos, superimposition of GFP-FAK (green) and mCherry-paxillin (red) 
images appears as yellow. During the 60-min of cell migration, there are many more GFP-FAK clusters than mCherry-paxillin at cell front (B) , but they are 
more similar in numbers at cell center (C), and rear (D). The corresponding Supplementary Movies are S4-6 for B, S7 for C, and S8 D. Scale bars: A = 
20 (am, B = 15 (am, C = 4.5 (am and D = 12 (am. (E) FI ratio images of FAK/paxillin in the same cell as 1A at 0 (left) and 60 min (right). 
The cell contour at 60 min is outlined in solid white, whereas the initial cell contour (0 min) is outlined with dashed white. Pseudo-color for the 
FAK/paxillin FI ratio value ranges from low (blue) to high (red) (ROIs in both panels are cyan for cell front, green for center, and pink for rear) 
(Supplementary Movie S9). Scale bar =18 (am. (F) Time courses (over 60-min) of FAK/paxillin FI ratio at the three ROIs as shown in Figs. IE. FI ratios of 
FAK/paxillin at cell front, center and rear were obtained from eleven migrating cells, each with seven time points. The bar graphs represent mean ± s.e.m. 
(FI) ROIs moving with the cell migration. (F2) ROIs staying at fixed positions (0-time). 



space and time within the migrating endothelial cell. The results 
show that the ratio of FAK and paxillin at FAs is different at different 
cell regions. At the cell front, there is more accumulation of FAK than 
paxillin, but not at cell center and rear in migrating cells (Fig. 1). 



FAK is a cytoplasmic kinase that is a key component that promotes 
FA turnover 9 . FAK can be recruited to the nucleus or nascent FAs in a 
highly regulated manner 23 . The increased FAK localization at FAs 
has been connected to FA disassembly and increased turnover in 
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Figure 2 | Dual-color images showing the dynamic motion of FAK and paxillin at the protrusion front of a live EC transfected with GFP-FAK (green) 
and mCherry-paxillin (red). (A) An intact cell image showing (from left to right) FAK (green) + Paxillin (red), FAK (green), paxillin (red), and 
FAK/Paxillin FI ratio (pseudo-color). In FAK+Paxillin, the superimposition of FAK and Paxillin yield yellow (Supplementary Movie S10). (B) Enlarged 
images from the boxed regions in A row. During the 60-min time course, there were more FAK clusters (arrows) than paxillin at the protrusions of cell 
front (Supplementary Movies SI 1-13). (C) FAK/paxillin FI ratio image, pseudo-color ranges from low (blue) to high (red). Enlarged images were from 
the boxed region in A-"FAK/Pax Ratio". FAK-FAs are more apparent at the protrusion front than paxillin during 60-min time course (Supplementary 
Movies 14-15). Scale bars: A = 20 um; B and C = 7 um. 



protrusion front. These signaling processes include phosphorylation 
of paxillin, which is associated with increased FAK Y397 phosphor- 
ylation at FAs 13 . Adhesion contacts are dynamic structures that 
assemble, disassemble or mature at the extending leading edge and 
disassemble at the retracting cell rear for efficient cell migration 24 ' 25 . 
Previously, FAK and paxillin have been observed during FA assem- 
bly and turnover in mouse embryonic fibroblasts, and CHO.K1 
cells 314 . However, the sequential entrance of FAK and paxillin into 
FAs has not been directly compared in endothelial cells. Our study 
monitored the dynamics of sequential recruitment of GFP-FAK and 
mCherry-paxillin mainly in bovine aortic endothelial cells. 

FAK promotes cell migration via the activation of multiple signal- 
ing pathways involving kinases, or by phosphorylation of other FA 
components 26 . FAK may also promote cell migration by influencing 
the remodeling of the actin cytoskeleton. Our previous study showed 
that the dynamics of paxillin as fibrous structures was associated with 
actin filaments 20 . Here we show that the dynamics of FAK-clusters 
can be associated with actin filaments at the cell leading edge (Figs. 5, 
6A). It is possible that the spatiotemporal regulation of the Rho 
family of small GTPases, which includes Cdc42, Racl and Rho A, 
and in turn the localized activation of a wide variety of effectors by 
these GTPases, can control the dynamics of the actin cytoskeleton 
and the actin-associated adhesions during polarized cell migration 27 . 
Paxillin has emerged as a key coordinator of the Rho GTPase family 
and of their signaling processes in the context of cell spreading and 
migration 28 . 

It has been proposed that FAK and Src regulate cell adhesion 
disassembly via paxillin and the downstream kinases 12 . Paxillin is a 
substrate for the Src-FAK complex, and phosphorylation of paxillin 



on tyrosine residues is critical for focal adhesion disassembly 29 . 
Both FAK and paxillin play important roles in FA assembly and 
disassembly in cell migration. At present, our understanding of 
adhesion assembly/disassembly is limited. By simultaneously mon- 
itoring the dynamics of GFP-FAK and mCherry-paxillin (Supple- 
mentary Movies SI -3), we have demonstrated their differences 
in assembly/disassembly at nascent adhesions. By time correlation 
analysis of dynamic dual-color imaging in live cells, we further 
tracked and quantified the time difference between FAK and 
paxillin assembly in the same nascent FAs (Fig. 3). The results indi- 
cate that FAK is assembled 2.62 ± 0.27 min (mean ± s.e.m.) ahead of 
paxillin. 

Our quantification is based on the relative change of fluorescence 
intensity tracked as a function of time and space (subcellular 
regions). As such, the spatiotemoral relationship of GFP-FAK and 
mCherry-paxillin at different subcellular regions in the same live cell 
can accurately reflect their relative motions inside the cell. In order to 
test the possibility that the difference between GFP-FAK and 
mCherry-paxillin might be due to the fluorescent proteins rather 
than the molecules themselves, we have engineered new constructs 
of GFP -paxillin and mCherry-FAK. The results of the swapping of 
the fluoresent probes showed that FAK leads paxillin in the nascent 
FAs in migrating cells for both sets of biosensors (Supplementary 
Figure SI, S2; Supplementary Movies SI 7). 

Taken together, our results indicate that, while both FAK and 
paxillin play important roles in modulating FA dynamics, FAK 
assembly at FAs leads that of paxillin in the protrusions of cell front 
during cell migration. This study provides novel information on the 
hierarchical relation between two molecules that play important 
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Figure 3 | Image analysis of dynamics of FAK and paxillin at FAs at the protrusion front of an EC transfected with GFP-FAK and mCherry-paxillin. 

(A) Co-localization of FAK (green) and paxillin (red) yielded a yellow color. Boxed region was selected as regions of interest shown in B. (B) Identified FAs 
were labeled with numbers. The pairs of FAK (left) and paxillin (right) at the same FAs were selected for quantification analysis. (C) The time courses of 
normalized intensities (y-axis) of FAK (green) and paxillin (red) in four FAs (No. 4, 5, 16 and 20, arrowed and labeled in B) are plotted. (D) The values of 
the time correlation for all 22 FAs in the same cell (including the four FAs in C) are plotted as a function of time shift between FAK and paxillin at FAs. Also 
plotted is the mean curve for all 22 FAs in this cell. The results of time correlation analysis of this cell (22 individual FAs) yielded a time shift of 
4.21 ± 0.87 min (mean ± s.e.m.). The value is significantly different from 0 (p < 0.001) indicates the time shift at dynamic FAs. 



roles in single live cells. Such approaches can be applied to other 
signaling molecules to elucidate the molecular interplays in the sig- 
naling network governing cell functions in health and disease. 
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Figure 4 | The results of time correlation analysis of independent 
experiments on thirteen migrating cells (206 individual FAs) yielded a 
time shift of 2.62 ± 0.27 min (mean ± s.e.m.) between GFP-FAK and 
mCherry-paxillin, which is significantly different from 0 (n = 206, p < 
0.001). 



Methods 

Cell culture. Bovine aorta endothelial cells (BAECs) were cultured in Dulbecco's 
modified Eagle's medium (DMEM) (Life Technologies, Inc. Gaithersburg, MD) 
supplemented with 10% fetal calf serum (Invitrogen, Carlsbad, CA). 

DNA plasmids and transfection. DNA plasmids encoding green fluorescent protein 
(GFP) -tagged FAK and (GFP) -tagged paxillin were provided by Drs. J. Thomas 
Parsons and Donna J. Webb (University of Virginia, Charlottesville, VA). Red 
fluorescent protein (RFP) -tagged actin was from Clontech Laboratories, Inc. 
(Mountain View, CA). We constructed DNA plasmids encoding mCherry 
fluorescent protein (mCherry) -tagged FAK, and (mCherry) -tagged paxillin. DNA 
plasmids were transfected into BAECs using FuGENE® 6 Transfection Reagent 
(Roche Diagnostics GmbH, Mannheim, Germany). After 24-48 hr, the transfected 
cells were seeded onto fibronectin-coated (Sigma Chemical Co., St. Louis, MO) cover 
glass in culture dishes (Mat Tek Co., Ashland, MA) for the experiments. 

Multi-mode time-lapse microscope. Digital images of cell motility were obtained by 
using an Olympus live-cell confocal microscope system 1X81 with a disk scan unit 
(DSU) (Olympus America Inc., Melville, NY). The two-color fluorescent images were 
taken alternatively by switching the excitation light paths. Fluorescent images were 
collected at 1-2 min intervals. MetaMorph® Imaging System (Molecular Devices 
Corporation, Sunnyvale, CA) was used to capture and store the images in a computer. 
Olympus filters for GFP (U-MGFPHQ) and RFP (DSU-MRFPHQ) were used. 

Immunofluorescence staining and confocal microscopy. For immunostaining, the 
BAECs were fixed with 4% paraformaldehyde for 15 min at 37°C in phosphate- 
buffered saline (PBS). The fixed cells were permeabilized with 0.3% Triton X- 100, and 
nonspecific binding was blocked by using 1% normal goat serum. The cells were then 
incubated with the primary polyclonal antibody FAK (Santa Cruz, CA), and 
monoclonal antibody paxillin (BD Biosciences) followed by fluorescein 
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Figure 5 | Dual-color images show the dynamic motion of FAK and actin 
filaments in protrusion of cell front in live EC transfected with GFP-FAK 
and RFP-actin. (A-left) Cell images show the superimposition ("FAK/ 
Actin"; yellow) of FAK (green) and actin (red). Scale bar = 20 (am. 
( A-right) The enlarged images for actin and FAK show the boxed region in 
A-left. Scale bar = 8 (am. FAK clusters are associated with actin filaments 
(arrows). (B) The dynamics of FAK and actin filaments in the box region 
(A-left). The superimposition (FAK/Actin; yellow) of FAK (green) and 
actin (red) show FAK associated with actin filaments at the leading edge of 
the protrusion front during the 60-min time course (arrows) 
(Supplementary Movie 16). Scale bar = 12.5 (am. 



isothiocynanate (FITC)- conjugated secondary antibody and tetramethylrhodamine 
isothiocynanate (TRITC) -conjugated secondary antibody, respectively. For negative 
controls, the samples were incubated with either the primary antibody without the 
secondary antibody, or the FITC-labeled secondary antibody without the primary 
antibody. To visualize actin actin filaments, the cells were stained with rhodamine- 
conjugated phalloidin (Molecular Probes, Inc., Eugene, OR). The slides were 
examined by using an Olympus 1X70 microscope equipped with a Perkin-Elmer 
Kypton-Argon laser scanning confocal imaging system (Perkin-Elmer Life Science, 
Boston, MA). FITC was excited at a wavelength of 488 nm and detected at 525 nm. 
Rhodamine was excited at 568 nm and detected at 600 nm. The images were 
transferred to a Macintosh computer for further analysis; the Adobe Photoshop 
(Adobe System, Mountain View, CA) was used to generate RGB images to depict 
paxillin and F-actin in red and FAK in green. 

Image analysis and quantification of fluorescent intensity. MetaMorph and 
MATLAB were used to generate images. Focal adhesion (FA) characteristics, 
including the location and FI, were detected and calculated using our customized 
software developed in MATLAB based on the water algorithm. FAK and paxillin 
intensities were background- subtracted and filtered to remove the random noise and 
nonspecific intensity. The locations of the FAs were detected by intensity 
segmentation in the filtered FAK and paxillin images. The total intensities of FAK and 
paxillin at the FAs were determined within the regions of interest (ROIs) at 
subcellular locations (cell front, center, and rear) and used to calculate the FAK/ 
paxillin ratios. The ROIs were either moved to track these locations of a moving cell 
(Fig. 1F1) or fixed in positions chosen at 0 min (Figs. 1F2). The curves were 
normalized by the 0-min value at cell center. 

Determination of time shift between FAK and paxillin assembly at FA. Pairs of 
images of FAK and paxillin, which were captured simultaneously at each instant of 
time, were taken continuously with a time resolution of 1 to 2 minutes. Both sets of 
digital images that displayed FAK and paxillin were numerically processed to 
determine the average time shift between them. As FAK and paxillin were assembled 
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Figure 6 | The immunostaining images of an EC stained with FAK, 
paxillin and actin filaments. (A) The fluorescence photomicrographs 
show FAK immunostained with anti-FAK (left column), F-actin stained 
with rhodamine-phalloidin (middle column), and merging of FAK (green) 
and F-actin (red) images, with a yellow color for co-localization of FAK 
and actin filaments (right column). FAK and actin filaments are shown to 
be co-localized. FAK plaques are present at the points where stress fibers 
end and some FAK plaques are present at cell periphery (arrows). Actin 
filaments show staining weakly (up arrow). Scale bar = 6 jam. 
(B) Fluorescence photomicrographs show FAK (left column) and paxillin 
(middle column) immunfluorescence stained with anti-FAK and anti- 
paxillin antibodies, respectively. Merging of FAK (green) and paxillin (red) 
images (right column), with a yellow color for co-localization of FAK and 
paxillin. At the cell periphery, there are many more FAK plaques than 
paxillin plaques (arrows). Scale bar =10 (am. 



at FAs and attained their maximum FI values, a pair of image frames (FAK and 
paxillin) at these time points of maxima were selected as the final frames. Then, two 
initial frames (FAK and paxillin) were selected by back- viewing to the times of the 
minimum FI values FAs were identified and labeled with numbers for tracking during 
image analysis (Fig. 3B). The intensities of the identified focal adhesions were plotted 
as functions of time by back- tracking the intensities of each pairs of FAs with the same 
labeled number. By comparing the FI values of both FAK and paxillin during the time 
course, the lagging phase between two curves can be used to approximate the time 
shift between FAK (green) and paxillin (red) (Fig. 3C). To track individual focal 
adhesions, the FAK and paxillin images at a given time were combined together to 
make a single global image where the signal intensity of each pixel is from the 
combination of FAK and paxillin signals. The locations of FAs were detected by 
thresholding in the global image. The FAK and paxillin FI intensities in each detected 
FA were determined. The time courses of the normalized intensity of FAK and 
paxillin within these focal adhesion areas were subsequently calculated and analyzed 
(Fig. 3). 

The normalized intensities (y-axis) of both FAK and paxillin were plotted with 
respect to time. The normalized intensity was obtained by dividing the intensity of 
each focal adhesion by the maximum intensity of that focal adhesion; this normal- 
ization allowed us to compare signals of both FAK and paxillin with the same scale. 
The data were interpolated by using cubic spline lines to connect and smooth the 
curves. The time shift between FAK and paxillin was determined by using the time 
correlation function, 

Max {IfakM * Willing + x)} 

where I FAK is the intensity of FAK; Ipaxiiim is the intensity of paxillin; t is time; and x is 
the time shift. 

The values of the time correlation were plotted as a function of x. The highest value 
of the time correlation indicates the most probable time shift between FAK and 
paxillin at each FA (Fig. 3C). The series image analysis for four locations in a rep- 
resentative cell is shown in Fig. 3D, and the combined results of thirteen cells are 
shown in Fig. 4. 

Statistics. Mean values and variances were calculated for the experiments. Analysis of 
variance (ANOVA) was performed by using data analysis tools of Microsoft Excel. 
Studdent's t-test was performed by using data analysis tools of Microsoft Excel and 
MATLAB. A P value of less than 0.01 was taken to be statistically significant for paired 
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test of difference between mean. The results are expressed as means ± s.e.m. All plots 
were made with Microsoft Excel and MATLAB. 
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